Abstract: Seven novel energetic 4,7-dinitro-furazano-[3,4-d]-pyridazine derivatives were designed, and their optimized structures and performances were studied by density functional theory (DFT) at B3LYP/6-311g(d,p) level. The detonation performances were estimated by the Kamlet-Jacobs equations. The results show that these compounds have high crystal densities (1.818-1.925 g·cm , and some of them exhibit higher BDEs than that of RDX (N-NO2 bond, 149.654 kJ·mol , 39.00 GPa). Otherwise, the specific impulse values of M1-M7 (266-279 s) outperform HMX (266 s) by 0-13 s, which indicates that M1-M7 may show better performance as monopropellants. It is concluded that density, heat of formation, stability, detonation performance and specific impulse of the designed compounds depend on the position and number of the N→O oxidation bonds.
Introduction
It has been a huge challenge in the area of energetic materials to achieve a fine balance between good detonation performance and safety, therefore, , D = 8497 m·s −1 ) and (E)-1,2-bis(4-nitro-1,2,5-oxadiazol-3-yl) diazene oxide (DNAF, ρ = 2.02 g·cm −3 , D = 10000 m·s −1 ) [5] [6] [7] . However, in spite of the excellent densities and detonation performances, their application is restricted by the conflict between energy and safety. Therefore, it is necessary to continue the search for new insensitive high-energy density furazan and furoxan derivatives. Recently, furazano-heterocycles have aroused great interest from explosive researchers because of their unique conjugated structures and better stability. For example, Zhou et al. [8] proved that benzotrifuroxan shows excellent detonation performance and safety compared with HMX. Liu et al. [9] reported the synthesis of 4H,8H-bis-furazano [3,4-b:3',4 '-e]pyrazine-4,8-diylbis(methylene)dinitrate, which possess excellent energetic properties (ρ = 2.00 g·cm −3 pyridazine derivatives [10] [11] [12] [13] , such as 4,7-dimethyl-and 4,7-diphenylpyridazino [4,5-c] furoxane N,N'-dioxide, 4,7-diaminopyridazino [4,5-c] furoxan, 4,7-bis(5-methylisoxazol-3-yl)pyridazino [4,5-c] furoxan, 4,7-dimethyl-and 4,7-di(cyclopropyl)-furazan [3,4-d] pyridazine-5,6-dioxides ( Figure 1) . However, the relationship between molecular structure and energetic performance for furazano- [3,4-d] -pyridazine compounds is still unclear.
Because the synthesis and testing of novel HEDM is a costly and lengthy process, it seems that theoretical investigation is an ideal choice for screening before attempting any synthetic work [14] [15] [16] . As a result, experimental synthesis can be designed and performed better and more efficiently based on theoretical investigations. The density functional theory (DFT) method has been wellestablished and successfully used to investigate the structure and properties of energetic materials. Pan et al. [17] studied the structure and performance of furazano [3,4-b] pyrazine-based derivatives by using DFT. Wei et al. [18] used DFT to investigate energetic tetrazolo- [1,5- It is generally considered that the introduction of the N→O functionality to nitrogen-containing heterocycles influences their performance [19] [20] [21] [22] as follow: firstly, it can improve the density and ∆H f value; secondly, it can supply more active oxygen and decrease the demand for oxygen; finally, it may impair the stability. For the above-mentioned reasons, seven energetic materials based on
Computational Methods
Structural optimizations of the designed compounds were performed at B3LYP/6-311g(d,p) level in the Gaussian 09 quantum chemical package [23] . Previous studies have proved that this method and the basis set were reliable for predicting the structure and performance of energetic materials [24, 25] . All of the optimized structures were characterized to be true relative energy minima of the potential surfaces by frequency calculation (no imaginary frequencies were found). Based on the optimized structures, other relative properties, such as heats of formation (∆H f ), bond dissociation energies (BDEs), Wiberg bond orders (BO), molecular electrostastic potentials (MESP) and detonation performance of the designed compounds were calculated and are discussed below.
In this work, the crystal densities of the compounds were evaluated by Equation 1, which was developed by Politzer et al. [26] . The volumes of the title compounds were defined as inside a contour of 0.001 electrons/bohr 3 density, estimated using a Monte Carlo integration [17, 27, 28] , then the average volumes were estimated by performing 100 single-point energy calculation for each optimized structure.
where M is the molecular mass (g·mol
), V is the average volume (cm 3 ·mol
), ν is a measure of the balance between positive and negative potentials on the molecular surface, and σ 2 tot represents the variability of the electrostatic potential. α′, β′ and γ′ are fitting parameters and are taken from Ref. [26] .
The atomization approach was applied to evaluate the gas phase ∆H f (∆H f (g, 298 K)) of the designed compounds. Jing et al. [29] has also efficiently obtained the ∆H f values of energetic nitrogen-rich N,N'-azobispolynitrodiazoles by using the atomization approach. The atomization approach [1, 29, 30] for estimating the ∆H f is as follows:
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where n i stands for the number of atoms of X i in M, H X i (0 K) stands for ∆H f of X i at 0 K, and ∆H (0 K) can be derived from
represent the enthalpy correction for the molecule (M) and atom (X i ) between 0 K and 298 K, respectively, and they can be performed by the Gaussian 09 package.
The gas phase heat of formation of M at 298 K (∆H f (g, 298 K)) can then be written as Equation 2:
Finally, the gas phase heat of formation was estimated by our own computer code. The specific equation is:
where ∆E 0 is the change in total energy between the products and the reactants at 0 K; ∆ZPE is the difference between the zero-point energies (ZPEs) of the products and the reactants at 0 K; ∆H T is the thermal correction from 0 K to 298 K. ∆nRT is the work term for the reactions of an ideal gas. For the isodesmic reactions here, ∆nRT = 0. However, the solid state ∆H f is much more accurate, compared with the gas phase ∆H f , in evaluating the detonation performance of energetic materials because it determines the final detonation properties [30] . These can be estimated by Equations 4 and 5, reported by Politzer and Byrd [26, [31] [32] [33] :
ΔH sub (298 K, kJ·mol
where ∆H sub is the sublimation enthalpy, α, β and γ are fitting parameters and adopted from Ref. [33] , A s is the molecular surface.
The BDE is regarded as a quite convincing index for molecular stability [27, 34] , and means the difference between the energy of a molecule and those of the radicals produced when a bond in the molecule is broken. It is important to understand the pyrolysis mechanism of the compound [35] [36] [37] . The BDE of the molecule, corresponding to the enthalpy of reaction which is required for homolytic bond cleavage at 298 K and 1 atm, was evaluated [34, [38] [39] [40] by the following Equation 6 :
where E is the total electronic energy, R-X is the designed molecule, and R. and X. are the radicals produced when the trigger bond is broken. The BDE with zero point energy correction (BDE ZPE ) is:
where ΔZPE is the zero point energy correction. The impact sensitivity can be measured by the height (H 50 ) which a standard weight falling upon the explosive gives a 50% probability of initiating explosion. Keshavarz et al. [41] 
where a, b, c and d are the number of carbon, hydrogen, nitrogen and oxygen atoms, respectively, n (-CNC-) and n (-CNNC-) are the numbers of -CNC-and -CNNCmoieties in the aromatic ring, and M is the average molecular weight.
However, using Equation 8 I, it is difficult to distinguish the impact sensitivities of isomers. Cao and Gao [42] put forward a simple and appropriate approach to distinguish the impact sensitivities (H 50 ) of isomers, as follows, Equation 8 II:
where Q 2 NO 2 is the net charge of the nitro groups in the compounds, OB is the oxygen balance (%),
, and M w is the molecular weight.
The electric spark sensitivity of energetic compounds can be regarded as a parameter for electrostatic discharge, and a reliable method has been used to predict the electrostatic sensitivity of nitroaromatic energetic compounds [43] , as follows, Equation 9:
where a, b and d are the numbers of carbon, hydrogen and oxygen atoms in
is the ratio of hydrogen to oxygen atoms and C R,OR is the number of certain groups such as alkyl (R) or alkoxy (OR) groups attached to an aromatic ring. The detonation performances were estimated by the widely used empirical Kamlet-Jacobs equations [44] :
where D is the detonation velocity (km·s
), P is the detonation pressure (GPa), ρ is the density of the explosive (g·cm ), which can be derived from the ∆H f values of the products and reactants. The specific impulse (I sp ) is used to evaluate the energy efficiency of propellant combustion. The unit of the specific impulse is seconds. Its value is of utmost significance for the determination of the propellant mass necessary to meet the ballistic requirements. However, the specific impulse of an energetic compound depends on its structural parameters. Keshavarz put forward a new method for calculating the specific impulse based on the structural parameters of energetic compounds, as follows, Equation 12 [44] : Isp = 2.421 − 0.0740a − 0.0036b + 0.0237c + 0.0400d − 0.1001nNH 2 , NH + 0.1466(nAr − 1) (12) where a, b, c and d are the number of carbon, hydrogen, nitrogen and oxygen atoms in C a H b N c O d , respectively, I sp is the specific impulse in N·s·g −1 and the units are ultimately converted into s, n NH 2 , NH is the number of NH 2 and NH groups, and n Ar is the number of aromatic rings in aromatic explosives. The molecular frameworks of the designed compounds are presented in Figure 2 and their structures have been optimized at B3LYP/6-311g(d,p) level. Based on the optimized structures, selected bond lengths, bond angles and dihedral angles are analyzed and listed in Table 1 . The O(1)-N(2), N(2)=C(5), C(5)-C(6) and C(6)=N(11) bond lengths of M1 are shorter than typical single bonds but longer than double bonds, respectively, which indicates these bonds in the furazan ring and the pyridazine ring are conjugated. In addition, it is obvious that O(1)-N(2) and N(10)-N(11) bond lengths of M2-M7 are longer than those of M1 when N→O oxidation bonds are introduced to the furazan or pyridazine rings, which suggests that N→O oxidation may impair stability. Otherwise, the incorporation of N→O oxidation has few effects on the bond angles of the designed compounds and their structures still remain stable. Meanwhile, the dihedral angles C(6)-C(5)=N(2)-O(1) and C(8)-C(4)=N(3)-O(1) vary within ± 4°, indicating that the compounds exhibit excellent coplanarity, and there is still good conjugation between the furazan and pyridazine rings. Therefore, the designed compounds still possess good stability despite N→O oxidation decreasing the conjugation. Table 2 .
Results and Discussion

Molecular geometries
Heat of formation
The calculated heats of formation of the designed compounds
ΔHf(s)×10 High positive ∆H f values and high densities are often emphasized for HEDMs [46] . The ∆H f values of the designed compounds, and of 5-AzTT (5-(5-azido-1H-1,2,4-triazol-3-yl)-1H-tetrazole) and 1-AzTT (1-(5-azido-1H-1,2,4-triazol-3-yl)-1H-tetrazole) are listed in ). However, the ∆H f value per unit mass reflects more accurately the energy content of the energetic compounds than that per mole. As shown in Table 2 , M1 possesses the highest ∆H f value, which shows that the ∆H f values of the title compounds are decreased by introducing N→O oxidation. Furthermore, M4 and M5 have smaller ∆H f values than M2 and M3 when a second N→O oxidation bond is introduced. This may indicate that the ∆H f value will still decrease if two N→O oxidation bonds are incorporated into M1. In addition, M4-M6 possess two N→O oxidation bonds, and their ∆H f values decrease as follow: M4 ≈ M5 > M6, which suggests that the position of the N→O oxidation bond has an effect on the ∆H f value. However, M7 possesses a larger ∆H f value compared with M4-M6 but still smaller than those of M2 and M3 when a third N→O oxidation bond is introduced into M1. Consequently, the ∆H f values of M1-M6 increase in the order: M6 < M4 ≈ M5 < M7 < M3 < M2 < M1, which may suggest that the ∆H f value is influenced by the position and number of N→O oxidation bonds.
Molecular electrostatic potentials and frontier orbital energies
It has recently been found, and extensively used, that the computational MESP is generally related to the impact sensitivity of an energetic material. Politzer and Murray [47, 48] concluded that the positive regions are larger and stronger than the negatives ones in energetic materials. The calculated MESP of the title compounds are shown in Figure 3 . It is obvious that the strongly positive MESP surface (coloured red) is outstanding in the centre of the designed compounds, while the negative MESP surface (coloured blue) results from the -NO 2 and N→O oxidation bonds on the periphery of the title compounds. The positive MESP regions are larger and stronger than the negative ones in the title compounds. Therefore, these compounds may be potential energetic materials.
The molecular frontier orbital energy and energy gap of the designed compounds are listed in Table 3 . The band gap (ΔE = |ε(HOMO)-(LUMO)|) is an important index for estimating molecular stability, especially for compounds with similar frameworks [38, 49] . A smaller energy gap means less molecular stability due to the easy electron transition from HOMO to LUMO [50, 51] . By contrast, a large ΔE indicates good stability and low sensitivity. M1 (ΔE = 385.95 kJ·mol ), it can be seen that the introduction of a second N→O oxidation bond into the furazan ring particularly decreases the stability. When a second N→O oxidation bond is incorporated into the pyridazine ring, the energy gaps of M5 (304.55 kJ·mol ) are also reduced. In addition, M5 whose two N→O oxidation bonds lie on opposite sides, is more stable than that of M6, where they lie on the same side. M7 possesses the smallest ΔE because three N→O oxidation bonds are incorporated into M1. All ΔE values of the designed compounds are less than those of RDX and HMX.
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M2 M3 M4 M5 M6 M7 Figure 3 . The 3D MESPs of the designed compounds 
Bond dissociation energy and sensitivity
The stability of highly energetic explosives has been emphasized in practical applications. The computational BDEs of the trigger bond can be seen as a quantitative parameter for molecular stability [46] . In addition, the Wiberg bond order values also reflect the strength of the trigger bond [29] . A large Wiberg bond order indicates that the bond is difficult to break and thus the molecule is stable. As listed in Table 4 , three possible bond cleavages have been used to study the molecular stability of the title compounds. It was observed that the position and number of the N→O oxidation bonds have an effect on the BDEs of these compounds and the N-O bond in the furazan ring is the weakest one. When introducing N→O oxidation bonds into the furazan ring in M1, the BDEs values of the N(O)-O bond (M2, M4-M7) decrease, which shows that furoxan exhibits poorer stability than furazan. This is in agreement with Refs. [52, 53] . Accordingly, M7 exhibits the lowest stability.
If the BDE value of the weakest bond in a compound is > 80 kJ·mol
, it may be a practical energetic material; if the BDE value is > 120 kJ·mol −1 , it may be regarded as an excellent energetic material, which is consistent with the stability requirements of HEDMs [46] (Table 4) . Otherwise, when introducing a further N→O oxidation bond to M2, M4 has a higher BDE than M2, M5 and M6 in accordance with the analysis of the N(O)-O bond length, which may result from electron withdrawal. However, when introducing a further N→O oxidation bond to M4, the BDE of M7 (N-O bond) particularly decreases, and is smaller than that of M5 and M6. In addition, comparing the BDEs of M1, M2 and M4 (N−N bond) with those of M3, M5 and M6, it is easy to see that the latter exhibit higher BDEs because of the incorporation of N→O oxidation bonds into the pyridazine ring. However, this is contrary to the result from bond length analysis and further study remains to be performed.
H 50 is a complex matter for energetic compounds because it contains metastable states undergoing very rapid and highly exothermic reactions. The higher the H 50 value, the more insensitive the compound is. As shown in Table 4 (H 50 (I)), when more N→O oxidation bonds are introduced into 4,7-dinitrofurazano- [3,4- approximately equal (except for M4). In addition, due to two N→O oxidation bonds being incorporated into one furazan ring, M7 shows the smallest H 50 (II) value, which is consistent with the analysis of the H 50 (I) value. The electric spark sensitivity is determined experimentally by subjecting the explosive to a high-voltage discharge from a capacitor. As is shown in Table 4 , the E ES value is increased by introducing more N→O oxidation bonds into 4,7-dinitro-furazano-[3,4-d]-pyridazine, which means the compounds become more insensitive to electric spark. Meanwhile, all of the E ES values of the designed compounds (5.29-7.46 J) are higher than that of HMX (2.69 J). As is shown in Figure 4 , based on the computational BDEs (the main condition), H 50 , E ES , and ΔE values, it may be concluded that the molecular stability of the designed compounds decreases in the order: M1 > M3 > M4 > M2 > M5 > M6 > M7. (Note: the units of H 50 is cm, the units of E ES is J)
Detonation performance and specific impulse
Density is one of the most important physical properties for all energetic materials for calculating the detonation velocity and detonation pressure by the KamletJacobs procedure. A much more accurate approach developed by Politzer et al. [26] was applied to evaluate the densities of the title compounds and these are presented in Table 5 . It can be seen that the densities of the designed compounds vary from 1.818 g·cm −3 to 1.925 g·cm ). Therefore, these compounds may possess good detonation performance. In addition, comparing M1 with M2-M7, it is obvious that N→O oxidation makes a great contribution in enhancing the densities.
It is well known that the Kamlet-Jacobs equations have been proved to be reliable and widely used to compute the detonation performance of energetic materials [35, 36, 44] . It can be seen from Table 5 Figure 5 displays the ρ, D and P values of the designed compounds, RDX and HMX, and it is easily seen that the detonation velocities and detonation pressures of M2-M7 are considerably increased when N→O oxidation bonds are incorporated into M1. Moreover, comparing M2 and M3 with M4, M5 and M6, the latter three exhibit more excellent detonation performance because of the introduction of two N→O oxidation bonds. M7 possesses the best detonation performance, when three N→O oxidation bonds are introduced into M1, which indicates the number of N→O oxidation bonds has a great influence on the detonation performance. In addition, the explosive properties of M5 are larger than those of M6 but smaller than those of M4, suggesting the position of the N→O oxidation bonds has an influence on the explosive properties. Consequently, the detonation performance of the designed compounds increases as follows: M1 < M3 ≈ M2 < M6 < M5 ≈ M4 < M7. Energetic materials are not only intended to be used as explosives, but as components in advanced propellants formulations. The specific impulse (I sp ) is used to compare performances of rocket propellants [56] . The calculated I sp values of these compounds are listed in Table 5 . The remarkable I sp value of M1 surpasses that of RDX and is equal to that of HMX. The I sp values of M2-M6 are close to each other and outperform HMX by 4-13 s, which indicates that when more N→O oxidation bonds are incorporated into M1, the I sp values of the title compounds gradually increase. In the end, a better performance may be achieved by changing from RDX and HMX to M1-M7 as monopropellants. 
